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Abstract

Author Manuscript

The purpose of this research is to unravel the substrate specificity and kinetic properties of an
insect arylalkylamine N-acyltransferase from Bombyx mori (Bm-iAANAT) and to determine if
this enzyme will catalyze the formation of long chain N-acylarylalkylamides in vitro. However,
the determination of substrates and products for Bm-iAANAT in vitro is no guarantee that these
same molecules are substrates and products for the enzyme in the organism. Therefore, RT-PCR
was performed to detect the Bm-iAANAT transcripts and liquid chromatography quadrupole timeof-flight mass spectrometry (LC-QToF-MS) analysis was performed on purified lipid extracts
from B. mori larvae (fourth instar, Bmi4) to determine if long chain fatty acid amides are produced
in B. mori. Ultimately, we found that recombinant Bm-iAANAT will utilize long-chain acyl-CoA
thioesters as substrates and identified Bm-iAANAT transcripts and long-chain fatty acid amides in
Bmi4. Together, these data show Bm-iAANAT will catalyze the formation of long-chain Nacylarylalkylamides in vitro and provide evidence demonstrating that Bm-iAANAT has a role in
fatty acid amide biosynthesis in B. mori, as well.
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1. Introduction

Author Manuscript

Fatty acid amides are a family of structurally related lipids, R-CO-NH-R′ (the acyl moiety,
R-CO-, is derived from a fatty acid and the R′-NH- moiety is derived from an amine), found
in both vertebrates and invertebrates [1–3]. The existence of the N-acylamide bond in
biology traces back to the identification of hippurate (N-benzoylglycine) as a metabolite
derived from benzoate in the early 1840’s [4,5] and the fatty acid amide bond traces back to
the 1870’s to the work of J.L.W. Thudicum on sphingomyelin and other brain ceramides [6].
*
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The best understood member of the fatty acid amide family is N-arachidonoylethanolamine
(anandamide), the endogenous ligand to the mammalian cannabinoid receptor, CB1 [7,8].
Based on our knowledge about anandamide [9,10], it is generally thought the fatty acid
amides are neuroactive [2,11]. This is consistent with the discovery of oleamide, a sleepinducing lipid amide, and the existence of a family of long-chain N-acylethanolamines in the
mammalian brain [12–14]. Fatty acid amides are found in invertebrates, as well [15–20], but
likely serve different functions in these organisms relative to mammals. For example,
Drosophila melanogaster do produce fatty acid amides [17–19], but do not express the
cannabinoid receptors [21].

Author Manuscript

Much remains unknown about the fatty acid amides: many have no clearly defined
physiological function, details regarding their metabolism remain elusive (biosynthesis,
degradation, and cellular transport), and the receptor(s) targeted by most are unidentified [1–
3,22]. One focus of our research has been on the identification and characterization of
enzymes involved in fatty acid amide biosynthesis and melding in vitro substrate specificity
data with metabolomic data [23,24]. We have proposed N-acyltransferases operate in fatty
acid amide biosynthesis: acyl-CoA + amine → N-acylamide + CoA-SH (Fig. 1) [25]. Such
N-acyltransferases are likely members of the GCN5-related superfamily of Nacetyltransferases (GNATs) [26,27], which would accept long-chain acyl-CoA thioesters as
substrates. Examples of GNAT enzymes utilizing long-chain acyl-CoA thioesters as
substrates include N-myristoyl transferase [28], glycine N-acyltransferase-like 2 [29], and
arylalkylamine N-acyltransferase-like 2 (AANATL2) [23].
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We have employed Drosophila melanogaster and mouse neuroblastoma N18TG2 cells in our
previous work on the fatty acid amides. Each of these produce fatty acid amides [1,16–
18,24,30,31] and both express an N-acyltransferase that could have a role in fatty acid amide
biosynthesis [23,24]. In D. melanogaster, we found the expression profiles of AANATL2
matched well with the metabolomic data showing the presence of the long-chain Nacyldopamines and N-acylserotonins. Work carried out in vitro demonstrated D.
melanogaster AANATL2 would catalyze the production of long-chain N-acyldopamines and
N-acylserotonins [23]. In the N18TG2 cells, we demonstrated that siRNA-mediated knockdown of glycine N-acyltransferase like 3 (GLYATL3) results in the accumulation of longchain N-acylglycines in these cells. These results are consistent with limited in vitro
substrate specificity data available for GLYATL3 [24]. In sum, our work and that of Waluk et
al. [29] strongly suggest N-acyltransferases do catalyze key reactions in the fatty acid amide
biosynthetic pathway.

Author Manuscript

We decided to add Bombyx mori, the domesticated silkworm, as a model organism for our
fatty acid amide studies. B. mori is known to express Bm-iAANAT, an enzyme catalyzing
the acetyl-CoA-dependent N-acetylation of amines and exhibiting a wide tissue distribution
[32]. Mutation of Bm-iAANAT led to melanism and to the accumulation of dopamine in the
silkworm [33,34]. A more complete analysis of the substrate specificities of Bm-iAANAT
seemed warranted to determine if long-chain acyl-CoA thioesters were substrates for this
enzyme. If so, the availability of mutants and its broad tissue distribution data point to
straightforward metabolomic experiments to evaluate the in vivo role of Bm-iAANAT in
fatty acid amide biosynthesis.
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We report, herein, long-chain acyl-CoA thioesters like palmitoyl- and oleoyl-CoA are
substrates for Bm-iAANAT leading to the formation of fatty acid amides in vitro. Also, we
find Bm-iAANAT accepts many amines as substrates, significantly expanding the list of
amine substrates reported for this enzyme [32]. Bm-iAANAT is, thus, a “promiscuous
generalist” with regards to the acyl-CoA and amine substrates. We identified a set of fatty
acid amides in 4th instar larvae of B. mori, the first report of these lipid amides in these
insects and found Bm-iAANAT is expressed in 4th instar larvae. The combination of all our
data are consistent with Bm-iAANAT functioning in the biosynthesis of fatty acid amides, at
least in 4th instar larvae of B. mori.

2. Materials and Methods
2.1 Materials
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Author Manuscript

Unless otherwise noted, all reagents were obtained from commercial sources. Codonoptimized Bm-iAANAT was purchased from Genscript. Oligonucleotides were purchased
from Eurofins MWG Operon BL21 (DE3) E. coli cells, XL-10 competent cells, and the
pET28a(+) vector were purchased from Novagen. PfuUltra High-Fidelity DNA polymerase
was purchased from Agilent. XhoI, NdeI, Antarctic phosphatase, and T4 DNA ligase were
purchased from New England Biolabs. Kanamycin monosulfate and IPTG were purchased
from Gold Biotechnology. ProBond nickel-chelating resin was purchased from Invitrogen.
Long and short-chain acyl-CoA thioesters and amine substrates were purchased from SigmaAldrich. N-Oleoyltryptamine was synthesized from oleoyl chloride and tryptamine
essentially as described for the synthesis of N-heptanoyltryptamine [35]. All other supplies
and materials were of the highest quality available from either Sigma or Fisher Scientific.
Spectrophotometric analyses were performed on a Cary 300 Bio UV-Visible
spectrophotometer.
2.1 Cloning of Bm-iAANAT
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Bm-iAANAT (Accession No. NM_001079654.2) was codon optimized for expression in E.
coli, with 5′-NdeI and 3′-XhoI restriction sites, included an N-terminal His6-tag separated
from the N-terminal methionine of wildtype enzyme with a 10-amino acid linker
(SSGLVPRGSH), and synthesized into a pUC57 vector. The full-length gene was excised
from the pUC57 vector and ligated into the NdeI and XhoI restriction sites of the pET-28a
vector. The Bm-iAANAT- pET28a vector was then transformed into E. coli XL-10
competent cells, plated on a Luria Broth (LB) agar plate supplemented with 50 μg/mL
kanamycin and grown overnight at 37°C. A single colony from each vector transformation
was cultured overnight in LB media supplemented with 50 μg/mL kanamycin overnight at
37°C. The Bm-iAANAT-pET28a plasmid was purified from the overnight cultures using the
Promega Wizard Plus SV Minipreps DNA purification kit, sequenced by Eurofins MWG
Operon to confirm correct gene insertion, and finally transformed into E. coli BL-21 (DE3)
cells for the expression of Bm-iAANAT.
2.2 Expression and Purification of Bm-iAANAT
The E. coli BL-21 (DE3) competent cells containing the Bm-iAANAT-pET28a vector were
cultured in LB media supplemented with 50 μg/mL kanamycin at 37°C. Once the cultures
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reached an absorbance of 0.6 at 600 nm, cells were induced with the addition of 1.0 mM
isopropyl β-D-thiogalactopyranoside (IPTG) for 4 hours at 37°C. The final cultures were
harvested by centrifugation at 6,000 × g for 10 minutes at 4°C, and pellets were frozen at
−80°C for later analysis. Cell pellets were thawed and suspended in Binding buffer: 20 mM
Tris pH 7.9, 500 mM NaCl, and 5 mM imidazole. Cells were lysed by sonication and the
cellular debris was pelleted by centrifugation at 16,000 × g for 20 minutes at 4°C. The
supernatant was retained and loaded onto a 5 mL column of ProBond nickel-chelating resin.
The column was washed with 5 column volumes (CVs) of Binding buffer, followed by 10
CVs of Wash buffer: 20 mM Tris pH 7.9, 500 mM NaCl, and 60 mM imidazole. Finally,
purified enzyme was eluted from the column in 1 mL fractions with 2–3 CVs of Elution
buffer: 20 mM Tris pH 7.9, 500 mM NaCl, and 500 mM imidazole. Fractions were evaluated
for purity and protein concentration using 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels and Bradford binding assay, respectively. Fractions
containing the purified Bm-iAANAT were pooled, dialyzed overnight in 20 mM Tris pH 7.4,
200 mM NaCl, and stored at −80°C.
2.3 Identification of the Amine Substrates for Bm-iAANAT
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To identify amine substrates, Bm-iAANAT activity was measured using either acetyl-CoA
(representative of a short-chain acyl-CoA) or oleoyl-CoA (representative of a long-chain
acyl-CoA) separately along with sets of different amines grouped together. The amines
included in each group are listed in Table S1 (Supplementary Material). The assay solutions
used to measure Bm-iAANAT activity from the groups of amines consisted of 300 mM Tris
pH 8.0, 150 μM DTNB (5,5′-dithiobis (2-nitro-benzoic acid), Ellman’s reagent), 500 μM of
either acetyl- or oleoyl-CoA and the all the amines grouped together as shown in Table S1
(Supplementary Material, each amine at 60 mM) at 22°C. Initial velocities were determined
by measuring the release of CoA-SH at 412 nm (ε412 = 13,600 M−1 cm−1) [36], with the
reported velocities calculated as the background acyl-CoA thioester hydrolysis rate
subtracted from the observed velocity. The rates of background acyl-CoA hydrolysis were
determined in absence of Bm-iAANAT or after adding heat-denatured (boiled) BmiAANAT. The background rates of acyl-CoA hydrolysis were the same, within experimental
error, for the two control experiments. Any combination of amine group and acyl-CoA
displaying a background-corrected rate ≥0.1 μmoles/min/mg was considered a “hit”,
exhibiting a rate of CoA-SH release ≥3-fold the above background rate. The individual
amines within an amine group showing a “hit” were then individually interrogated further at
60 mM in solution with 300 mM Tris pH 8.0, 150 μM DTNB, and 500 μM acetyl-CoA or
500 μM oleoyl-CoA to determine which amines with the group were substrates for BmiAANAT. Individual amines were considered Bm-iAANAT substrates if the rate of CoA-SH
release was ≥0.1 μmoles/min/mg above background acyl-CoA hydrolysis rate.
2.4 Determination of Steady-State Kinetic Constants
Steady-state kinetic characterization of Bm-iAANAT was assayed by measuring the release
of CoA-SH at 412 nm at 22°C under the following conditions: 300 mM Tris pH 8.0, 150 μM
DTNB, and different initial concentrations of the substrates: an amine and an acyl-CoA. To
determine the apparent kinetic constants for the acyl-CoA thioester substrates, the initial
tryptamine concentration was 60 mM while the initial concentration of the desired acyl-CoA
Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2019 August 01.
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was varied. To determine the apparent kinetic constants for an amine substrate, the initial
acyl-CoA concentration was 100 μM while the initial concentration of the amine was varied.
The apparent kinetic constants were determined by fitting the resulting initial rate vs.
[substrate] data to Equation 1 using SigmaPlot 12.0: vo represents initial velocity, Vmax,app is
the apparent maximal velocity, Km,app is the apparent Michaelis constant, and [S] is the
substrate concentration. Assays were performed in triplicate. The uncertainty for the
(kcat/Km)app values were calculated using Equation 2, where σ is the standard error of the
kcat,app and Km,app values [37].

vo =

V max, app[S]
K m, app + [S]
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Equation 1

Equation 2

2.5 Characterization of the Product Generated by Bm-iAANAT by LC-QToF-MS
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The use of Ellman’s reagent to measure CoA-SH release from acetyl-CoA or oleoyl-CoA is
no guarantee of N-acylamide formation. To confirm N-acylamide product formation in a
reaction catalyzed by Bm-iAANAT, 1 mM tryptamine and 500 μM oleoyl-CoA were
incubated with 100 μg of purified enzyme for 1 hour in 300 mM Tris pH 8.0. A control
lacking enzyme was run in parallel. We determined this ratio of [oleoyl-CoA]/[tryptamine]
was ideal for N-acylamide production after several optimization experiments because BmiAANAT can be inhibited by a high concentration of the amine substrate [32]. Following the
1 hr. incubation, the reaction mixture was then passed through a 10 kDa ultrafilter
(Millipore) to remove Bm-iAANAT. Aliquots (20 μL) of the resulting flow-through solution
containing the putative N-oleoyltryptamine product from the experiment with enzyme and
the control lacking enzyme were injected separately on an Agilent 6540 liquid
chromatography/quadrupole time-of-flight mass spectrometer (LC-QTOF-MS) in positive
ion mode. The N-oleoyltryptamine standard and the enzymatic reaction product
characterizations were completed on a Kinetex 2.6 μm C18 100 Å (50 × 2.1 mm) reverse
phase column with the following mobile phase gradient with a flow rate of 0.6 mL/min:
mobile phase A was 0.1% (v/v) formic acid in water, while mobile phase B was 0.1% (v/v)
formic acid in acetonitrile. A linear gradient of 10% mobile phase B increased to 100% B
over 5 minutes, followed by a hold of 3 minutes at 100% B for the analysis of the product.
The column was then equilibrated with 10% mobile phase B for 10 minutes before
subsequent injections. The column was thoroughly washed between injections using the
same solvent gradient, but at a flow rate of 1.0 mL/min.
2.6 Detection of Bm-iAANAT Transcripts in 4th Instar Larvae of B. mori via RT-PCR
2.6.1 Silkworm Culture and Isolation of mRNA—B. mori eggs were purchased from
Carolina Biological and immediately placed into a petri dish upon arrival. Silkworms were
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cultured with Silkworm Artificial Dry Diet from Carolina Biological and allowed to grow
until the fourth instar: after the larvae had molted three times from their original hatch. Total
RNA was extracted using the PureLink® RNA Mini Kit from Invitrogen and the mRNA was
then isolated via PolyATtract® mRNA Isolation Systems III from Promega. After the elution
of mRNA in nuclease-free water, a 10 kDa centrifugal filter was used to concentrate the
heavier nucleic acids (15 min at 12,000 × g). Any traces of remaining genomic DNA were
removed using DNase I from Thermo Fisher with the modifications to the recommended
protocol, as outlined in Table 1. The reaction mixture was briefly centrifuged, heated at
37°C for 30 minutes, followed by the addition of 2 μL of 50 mM EDTA, and, lastly, heating
for another 10 minutes at 65°C to inactivate the DNase I.
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2.6.2 Generation of cDNA library and transcripts for Bm-iAANAT and BmAlpha Tubulin (TUA1)—A cDNA library from Bmi4 larvae was generated via incubation
of isolated mRNA at 45°C for 45 minutes with reverse transcriptase (MMLV-RT from
Promega). PCR was carried out using the thermal cycling conditions noted in Jeffries et al.
[19] at an annealing temperature of 60°C for all amplicons. TUA1 (NM_001043419) was
chosen as an endogenous control for the RT-PCR experiments because this protein is
ubiquitously expressed throughout the life of B. mori [38]. Forward and reverse primers for
TUA1 and Bm-iAANAT were designed and ordered from Eurofins Genomics and amplify
99 and 119 bp regions respectively, within the open reading frame of the appropriate gene
(Table 2). Separate, one-step RT-PCR reactions for TUA1 and Bm-iAANAT were prepared.
Each RT-PCR reaction solution contained 25 μL of Access Quick Master Mix from
Promega, 320 nM forward primer, 320 nM reverse primer, 250 ng fourth instar larval
mRNA, 200 units MMLV reverse transcriptase from Promega, and sufficient nuclease-free
water to bring the reaction volume to 50 μL. A no reverse transcriptase control was included
to confirm the removal of genomic DNA.
2.6.3 Analysis of the cDNA Products—An aliquot (10 μL) of Blue DNA Loading Dye
from New England Biolabs (NEB) was added to each cDNA reaction and the resulting 60
μL RT-PCR reaction solutions were loaded into separate lanes of a 1.8% agarose gel
containing ethidium bromide. One lane of the gel was loaded with the 100 bp ladder from
NEB. Electrophoresis in 1×TAE buffer from NEB (diluted from a 50× stock) allowed for the
migration of cDNA products at 50V over a duration of 90 minutes. The cDNA bands (Figure
2) were excised from the gel with a clean razor blade, and the cDNA extracted from the
agarose gel slice using the Gel Extraction Wizard from Promega. The isolated cDNA was
then sequenced commercially by Eurofins Genomics.
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2.7 Extraction and Purification of Fatty Acid Amides from 4th Instar Larvae of B. mori
Bmi4 larvae (3.0 g) were collected on the same day for both mRNA extraction and
metabolomic analysis and both collections were carefully assessed to be nearly identical in
size and development. The Bmi4 larvae were flash frozen with liquid N2 and stored at
−80°C until after completion of the RT-PCR experiments. The frozen larvae were ground to
a paste in 61 mL of methanol using a mortar and pestle and then were homogenized for 5
minutes in a clean, glass beaker using a Heidolph Silent Crusher homogenizer at maximum
speed (26,000 rpm). The homogenate was divided into three separate samples of equal mass
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and volume into clean, previously unused vials and all were separately re-homogenized for 5
minutes at maximum speed. The fatty acid amides were extracted and purified from these
samples using the method of Sultana and Johnson [39], as modified by Jeffries et al. [19].
Blanks were prepared and treated exactly in the same manner starting with 61 mL of
methanol in a clean mortar and pestle without any addition of Bmi4.
2.8 Identification and Quantitation of Fatty Acid Amides via LC-QToF-MS

Author Manuscript

2.8.1 Generation of Fatty Acid Amide Standard Curves—With the exception of
palmitamide-d31, the fatty acid amides used as internal standards, N-arachidonoylglycine-d8,
N-arachidonoylethanolamide-d8, palmitic acid-d31, and N-oleoylserotonin-d17, were all from
Cayman Chemical. Palmitamide-d31 was synthesized from palmitic acid-d31 as described
[1]. Mass spectral analysis of all the deuterated fatty acid amides, obtained commercially or
synthesized in-house, were contaminated by <1% of the corresponding unlabeled fatty acid
amide (Figure S1, Supplementary Material). Standard curves were made using pure
compounds for each fatty acid amide and internal standards at concentrations ranging from
0.1–10 pmoles in methanol:acetonitrile (1:1) (v/v) per 20 μL injection on the LC-QToF-MS.
A mixture was made containing 1 μM of each deuterated standard in methanol:acetonitrile
(1:1) (v/v).
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2.8.2 Sample Preparation for LC-QToF-MS—The fatty acid amide-containing extracts
from Bmi4 larvae were concentrated using 100 μL C18 Zip Tips from Thermo Fisher with
the following modifications to the manufacturer’s recommended protocol: 0.1% (v/v)
trifluoroacetic acid (TFA) was substituted for 0.1% TFA: methanol:acetonitrile (8:1:1)
(v/v/v) and the fatty acid amides eluted from the tips in 90 μL of acetonitrile:0.1% (v/v) TFA
(95:5). The eluent from the Zip Tip was collected in LC vials with spring inserts and 10 μL
of the internal standard mixture was added to make a total volume of 100 μL. Samples were
analyzed by LC-QToF-MS as described in Section 2.5. The extraction blank was also
prepared in the same manner in order to subtract background concentrations of fatty acid
amides that may have accrued during the extraction process or unintentionally added from
non-deuterated contaminants of the deuterated internal standards.
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2.8.3 Identification and Quantification of Fatty Acid Amides in the Bmi4
Extracts—All total ion chromatograms for the Bmi4 larval extracts were scanned for m/z
corresponding to fatty acid amides. The retention times and m/z values for metabolites
detected in the Bmi4 extracts were compared to those of known standards evaluated under
the exact same conditions. The LC column was thoroughly washed (using the same LC
method) before the injection of Bmi4 extracts to eliminate false positives. All retention times
of detected fatty acid amides were found to be accurate to ± 0.1 minutes of the standard,
acceptable deviation of random error from the instrument and the sample matrix effects.
These intensity units for each fatty acid amide were converted to pmoles/(gram of tissue)
using the standard curves prepared as described in Section 2.8.1.
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3. Results
3.1 Cloning, Expression, and Purification of Bm-iAANAT

Bm-iAANAT from Bombyx mori was successfully cloned and expressed in E.coli. The
recombinant Bm-iAANAT we designed possessed a his6-tag on the N-terminus, allowing for
a convenient and facile purification by Ni-chelation chromatography. Our yield of purified
Bm-iAANAT was 17–18 mg of purified protein per liter of E. coli culture. Purity was ≥95%
as assessed 10% SDS-PAGE gel (Figure S2, Supplementary Material) and the molecular
weight from SDS-PAGE analysis was in good agreement with their predicted mass of BmiAANAT of 29.6 kDa.
3.2 Substrate Specificity of Bm-iAANAT
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A screening protocol was used to identify substrates for Bm-iAANAT. We pooled together a
set of amines (Table S1, Supplementary Material) and evaluated the entire group, at once,
for CoA-SH release using a short-chain or long-chain acyl-CoA substrate. The concentration
of the individual amines within the pool was high, 60 mM, because of the relatively high Km
(or Km,app) value for the amine substrates for some of the GNAT enzymes. For example, the
Km,app for glycine for mouse glycine N-acyltransferase is 6 mM [40]. A similar protocol
could be employed to identify acyl-CoA substrates for Bm-AANAT by evaluating groups of
acyl-CoA thioesters against an amine co-substrate for CoA-SH releases, but the acyl-CoA
thioesters are expensive and long-chain acyl-CoA thioesters can be inhibitors for Nacetyltransferases [41,42]. As a compromise, we individually screened the amine pools for
CoA-SH release using a short-chain or a long-chain acyl-CoA thioester, acetyl-CoA or
oleoyl-CoA, as the acyl donor substrate. The benefits of our screening protocol are clear:
any combination of pooled amines and acyl-CoA showing no CoA-SH release activity could
be reasonably disregarded for further investigation. A false negative is possible if one of the
amines in the pool is a Bm-iAANAT inhibitor and the degree inhibition by the inhibitor
amine is sufficient to mask CoA-SH release activity from a different amine substrate in the
pool. A false negative seems unlikely because the complete elimination of CoA-SH release
activity would require a balance between [amine inhibitor]/Ki ratio, the [amine
substrate]/Km ratio, and would, most likely, occur if the amine substrate exhibit a low kcat
value. Conversely, any combination of pooled amines and acyl-CoA that exhibit CoA-SH
release can be investigated individually to define the substrate specificity. The application of
our screening protocol to Bm-iAANAT revealed significant velocities of CoA-SH release
from 5 of the amine pools with acetyl-CoA as the acyl donor and 3 of the amine pools with
oleoyl-CoA as the acyl donor (Table S2, Supplementary Material). A significant velocity is
defined as any rate of CoA-SH release that is ≥3-fold higher than the background rate of
acyl-CoA hydrolysis, 0.1 μmoles/min/mg. The background rate of acyl-CoA hydrolysis was
the same, within experimental error, for two controls: no added Bm-iAANAT or the reaction
initiated by the addition of heat-denatured Bm-iAANAT.
In addition to the amine substrates identified by Tsugehara et al. [32] (dopamine,
octopamine, norepinephrine, serotonin, tryptamine, and tyramine), we found that BmiAANAT would accept lysine, histamine, alanine, tyramine, ethanolamine, as well as several
polyamines (spermidine, agmatine, cadaverine, and putrescine) as substrates. Because of
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limited sensitivity of our assay (detection limit of CoA-SH release being ≤ 1 μM), we could
not accurately determine the kinetic constants for the remainder of the newly discovered
amine substrates for Bm-iAANAT with acetyl-CoA as the co-substrate, due to either a low
value for either the Km,app or the kcat,app. Tsugehara et al. [32] employed a more sensitive
radiochemical assay with [14C]-acetyl-CoA as a substrate and reported a Km,app value of
0.31 μM for acetyl-CoA.

Author Manuscript

We repeated the evaluation of the amine pools using oleoyl-CoA as the co-substrate and
found that three of the eight amine groups yielded rates of CoA-SH release significantly
above background (Table S2, Supplementary Material). Individual interrogation of these
groups revealed four amines, tryptamine, tyramine, serotonin, and octopamine, would serve
as co-substrates with oleoyl-CoA. With the initial concentration of oleoyl-CoA fixed at 100
μM, tryptamine was the amine with the highest (kcat/Km)app value, (1.0 ± 0.07) × 102 M−1 s
−1. Tyramine and octopamine displayed significantly lower (k /K )
cat m app values than
tryptamine, attributed both to high Km,app values and lower kcat,app values (Table 3).
Qualitatively, the release of CoA-SH was evident when Bm-iAANAT was incubated with
oleoyl-CoA and serotonin. At the relatively high concentrations of serotonin required to
properly measure the formation of N-oleoylserotonin, a precipitate formed preventing the
accurate quantification of CoA-SH using Ellman’s reagent. Thus, we were unable to
measure kinetic constants for the Bm-iAANAT-catalyzed formation of N-oleoylserotonin
from serotonin and oleoyl-CoA.

Author Manuscript

We employed only acetyl- and oleoyl-CoA in our identification of new amine substrates for
Bm-iAANAT. There are many potential acyl-CoA substrates for Bm-iAANAT and we chose
to focus on the unbranched, long chain acyl-CoA substrates that are representative of acyl
chains found in biologically-occurring fatty acid amides. With tryptamine held at a constant
initial concentration of 60 mM, we found that lauroyl-, myristoyl-, palmitoyl-, and
arachidonoyl-CoA (all at an initial concentration of 100 μM) were substrates, yielding a rate
of CoA-SH release significantly above the background rate of non-enzymatic acyl-CoA
hydrolysis. The kinetic constants for these long-chain acyl-CoA substrates are presented in
Table 4. We observed a 6.2-fold decrease in the (kcat/Km)app value as the length of the acyl
chain increased from lauroyl-CoA to arachidonoyl-CoA. The decrease in (kcat/Km)app values
was largely a result in a decrease in the kcat,app value because we found the Km,app values
were approximately the same for this set of acyl-CoA substrates, ~ 1 μM.

Author Manuscript

To further explore the observed chain length dependence in the kinetic constants, we
determined the kinetic constants for tryptamine while holding the initial concentration of
several long-chain acyl-CoA thioesters constant at 100 μM (Table S3, Supplementary
Material). We observed a similar pattern in the data. The (Km, tryptamine)app values are all
comparable, ranging from 2.5 mM to 7.0 mM. The (kcat/Km)tryptamine, app was highest when
the thioester substrate was lauroryl-CoA and declined ~3-fold as the acyl chain length
increased to oleoyl-CoA.
3.3 Product Characterization of a Bm-iAANAT-Catalyzed Reaction
The use of Ellman’s reagent to detect CoA-SH release does not prove Bm-iAANAT has
catalyzed the formation of an N-acylamide from an acyl-CoA and an amine. While unlikely,
Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2019 August 01.

Anderson et al.

Page 10

Author Manuscript

CoA-SH release could reflect the amine activation of Bm-iAANAT-catalyzed thioester
hydrolysis: CoA-S-CO-R + H2O → R-COOH + CoA-SH. We compared a synthetic
standard of N-oleoyltryptamine against the product generated by the incubation of BmiAANAT with tryptamine and oleoyl-CoA. The analysis of the enzymatic product
corroborated our kinetic data: the N-oleoyltryptamine produced by Bm-iAANAT catalysis is
consistent with the [M+H]+ peak and retention time (±0.2 minutes reported error for the LCQToF-MS) vs. the N-oleoyltryptamine standard (Table 5). We did not detect any compounds
with the retention time or m/z of N-oleoyltryptamine in the no enzyme-containing (blank)
samples.
3.4 Detection of Bm-iAANAT Transcript in 4th Instar Larvae of B. mori via RT-PCR

Author Manuscript

Our in vitro studies of purified, recombinant Bm-iAANAT suggest this enzyme could have a
role in the biosynthesis of fatty acid amides. Our next steps were to determine if fatty acid
amides are produced by B. mori and, if so, does the presence of these molecules in B. mori
correlate, at all, to the expression of Bm-iAANAT. We identified the presence of BmiAANAT transcripts by RT-PCR. Primers were prepared to generate a 119 bp Bm-iAANATderived RT-PCR product and a 99 bp Bm-TUA1-derived product (as a control) from a 4th
instar larvae B. mori cDNA library.
After the migration of cDNA products on an agarose gel containing ethidium bromide, the
gel was viewed under UV light to illuminate the RT-PCR products. The RT-PCR products
match the expected sizes for the Bm-iAANAT and Bm-TUA1 transcripts, respectively (Fig.
2).
3.5 Detection of a Panel of Fatty Acid Amides from Bmi4 via LC-QToF-MS

Author Manuscript

All total ion chromatograms (TIC) for the 4th instar larvae were scanned for m/z similar to
the fatty acid amides found in D. melanogaster [19]. The retention times and m/z values for
metabolites detected in the Bmi4 extracts were compared to those of known standards
evaluated under the exact same conditions. The intensities for the m/z values corresponding
to a specific fatty acid amide were converted to pmoles/(gram of tissue) based on standard
curves prepared with corresponding authentic fatty acid amide. The fatty acid amides
identified from Bmi4 larvae are shown in Table 6.

4. Discussion and Conclusions

Author Manuscript

In this study, we have successfully cloned, expressed, purified, and characterized BmiAANAT, an arylalkylamine N-acyltransferase from Bombyx mori. The characterization of
Bm-iAANAT contributes to the body of knowledge leading to a pest-specific iAANAT
inhibitor, important because iAANATs are suggested as new targets for the development of
insecticides [43–46]. The most important finding from our work was that Bm-iAANAT will
accept long-chain acyl-CoA thioesters as substrates. This result coupled to our
demonstration that the enzyme is expressed in 4th instar larvae and to our identification of
fatty acid amides in the 4th instar larvae of B. mori suggests, but does not prove, BmiAANAT has a role in the biosynthesis of, at least, a few members of the fatty acid amide
family in this insect. We have long thought an acyltransferase could function in fatty acid
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amide production in vivo [25]. Bm-iAANAT is one of few known acyl-CoA-dependent
transferases accepting fatty acyl-CoA thioesters as substrates for the enzymatic production
of fatty acid amides; the others being human glycine N-acyltransferase like-2 [29], human
glycine N-acyltransferase like-3 [24], and D. melanogaster arylalkylamine N-acyltransferase
like-2 (AANATL2) [23]. In addition, N-myristoyltransferase (NMT) utilizes myristoyl-CoA
as the myristoyl donor for the myristoylation of the N-terminus of proteins [28]. The direct
conjugation of an amine to unactivated fatty acid, while thermodynamically unfavorable
under biological conditions, has been attributed to the biosynthesis of fatty acid amides
[47,48]. This includes the conjugation of linolenic acid to L-glutamine to yield N-linolenoylL-glutamine in the caterpillars of Manduca sexta [49].
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Based on our current understanding of the substrate specificity of Bm-iAANAT (Tables 3
and 4 and ref. [32]) and the fatty acid amides identified in Bmi4 (Table 6), Bm-iAANAT
could serve in vivo to generate the N-fatty acyl -serotonins and -dopamines. The possibility
of Bm-iAANAT having a broader role in the biosynthesis of other N-fatty acylamides, based
on its amine specificity, awaits further work: the identification of other N-fatty acylamides in
B. mori and/or alternations in the fatty acid amidome after the knock down of Bm-iAANAT
expression. The CRISPR/cas9 system has been used in B. mori for the targeted elimination
of a protein [50,51]. We used targeted knockdown methods to demonstrate the glycine Nacyltransferase like-3 and peptidylglycine α-amidating monooxygenase function
sequentially in mouse neuroblastoma N18TG2 cells to convert fatty acyl-CoA thioesters to
the fatty acid primary amides [24].
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Another interesting outcome from our work on Bm-iAANAT is the influence that acyl-CoA
substrate chain length has on the affinity of the enzyme for the amine substrate. Km,app
values are not Kdissociation values and a discussion of the affinity of Bm-iAANAT for the
amine substrates assumes that differences in Km,app values for the amines does, at least,
approximate the influence of the acyl-CoA substrate on the Kdissociation values for an amine.
Our work and that of Tsugehara et al. [32] show low Km,app values for the amine substrates
when acetyl-CoA is the acyl donor. The Km,app value for tryptamine increases >1,000-fold
when the acyl-CoA donor has an acyl chain of 12 carbons or longer (lauroyl-CoA to oleoylCoA) (Table 4). We have observed similar trends for other iAANATs, but the effect is more
pronounced for Bm-iAANAT. For D. melanogaster AANATL7, we found the Km,app for
histamine increased from 0.52 mM when acetyl-CoA was the acyl donor to 15 mM when
hexanoyl-CoA was the acyl donor [42]. For D. melanogaster AANATL2, the Km,app for
serotonin increased from 7.2 μM for acetyl-CoA to 870 μM for palmitoyl-CoA [23]. We
have recently shown the acetyl group of acetyl-CoA shifts the conformational ensemble of
Bm-iAANAT3 to a high affinity, catalytically efficient conformation [52]. The data
presented here on Bm-iAANAT is consistent with this conclusion and clearly demonstrates
that a long acyl chain in the acyl-CoA hinders the most effective positioning of the amine for
nucleophilic attack at the thioester bond of the acyl-CoA. A more precise understanding of
conformational dynamics and the effects of dynamics on substrate positioning and catalysis
in the iAANATs requires structural information. Bm-iAANAT could prove the better
enzyme in addressing these questions because the amine affinity is more strongly influenced
by the length of the acyl chain in the acyl-CoA than in other iAANATs.
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Our identification of fatty acid amides in Bmi4 is the first report of these lipid amides in B.
mori. Long-chain fatty acids are known in B. mori [53–56] and the only report of a related
N-acylamide in B. mori is N-acetylglutamate [56]. Fatty acid amides have a long and
underappreciated history in insects, starting with the discovery of volicitin, N-(17hydroxylinolenoyl)-L-glutamine, from Spodoptera exigua [15]. Volicitin, volicitin analogs,
and other fatty acid amides have been reported in insects other than B. mori, including D.
melanogaster [16–20]. The function for most of the fatty acid amides in insects (and many
other organisms) remains elusive. The apparent lack of the cannabinoid receptors in D.
melanogaster [21] despite reports of endocannabinoid-like fatty acid amides in D.
melanogaster [17–19] hints that fatty acid amides serve a different role in insects (and other
invertebrates) relative to their functions in vertebrates. This points to a fascinating
evolutionary story for these molecules as vertebrates emerged from invertebrates.
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Highlights
•

An enzyme in silkworms was found to be capable of synthesizing
cannabinoid-like molecules.

•

Cannabinoid-like signaling molecules were quantified in silkworms for the
first time.

•

Bm-iAANAT transcripts were identified in the 4th instar of B. mori.
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SUMMARY
Herein, we detail the successful expression, purification, and characterization of an
arylalkylamine N-acyltransferase from Bombyx mori (Bm-iAANAT) in E. coli. Our in
vitro determination of substrate specificity for Bm-iAANAT demonstrates that this
enzyme will accept long-chain fatty acyl-CoA thioesters as substrates leading to the
formation of long chain N-acylarylalkylamides. In addition, we show that Bm-iAANAT
is, most likely, responsible for the in vivo biosynthesis of such metabolites in B. mori due
to the detection of the Bm-iAANAT transcripts along with the identification and
quantification of several long chain N-acylarylalkylamides and other long chain fatty acid
amides in B. mori.
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Figure 1.

Proposed Role of N-Acyltransferases in Fatty Acid Amide Biosynthesis
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Figure 2.

Author Manuscript

RT-PCR of Bm-iAANAT and Bm-TUA1 in the 4th Instar of B. mori. Lane 1 contains 100 bp
ladder; the band on the bottom denotes 100 bp standard. Lane 2 was loaded with the RTPCR product for Bm-TUA1 (99 bp). Lane 3 was loaded with RT-PCR product for BmiAANAT (119 bp). The amplicon product extracted from lane 2 matched the sequence for
Bm-TUA1, while the amplicon product extracted from lane 3 matched the sequence for BmiAANAT.
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Method for the DNase I-mediated Degradation of Genomic DNA
Recommended Protocola

Modified Protocol

mRNA

1 μg

1 μg

DNase I

1 μL

2 μL

DNase I Buffer with MgCl2

1 μL

2 μL

to 10 μL

to 18 μL

Reagent

Nuclease-Free Water

a

As recommended by the manufacturer.
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Primers Used to Amplify TUA1 and Bm-iAANAT
Primer

Primer Sequence

TUA 1 Forward Primer

AGATGCCCACAGACAAGACC

TUA 1 Reverse Primer

CAAGATCGACGAAGAGAGCA

Bm-iAANAT Forward Primer

CAAAATGTCCGTTCCAGCTT

Bm-iAANAT Forward Primer

GATTGACGGCGAGATTCATT
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Steady-state Kinetic Constants for Different Amine Substrates with Oleoyl-CoA as the Acyl Donora,b
Km,app (mM)

kcat,app (s−1)

(kcat/Km)app (M−1 s−1)

Tryptamine

7.0 ± 0.5

0.72 ± 0.01

(1.0 ± 0.07) × 102

Tyramine

84 ± 12

2.7 ± 0.19

32 ± 5.3

Octopamine

65 ± 16

0.31 ± 0.04

4.7 ± 1.2

Aminec

a

Reaction conditions were 300 mM Tris pH 8.0, 150 μM DTNB, 100 μM oleoyl-CoA, and varied initial concentrations of the indicated amine.

b

Kinetic constants are reported with the standard error (n = 3).

c

Serotonin is an amine substrate when oleoyl-CoA is the acyl donor. However, a precipitate formed during catalysis which interfered with the assay
and prevented the accurate determination of the kinetic constants for serotonin.
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Steady-state Kinetic Constants for Long-Chain Acyl-CoA Substrates with Tryptamine as the Acyl Acceptora,b
Km,app (μM)

kcat,app (s−1)

(kcat/Km)app (M−1 s−1)

Lauroyl-CoA

0.97 ± 0.12

1.3 ± 0.01

(1.4 ± 0.2) × 105

Myristoyl-CoA

0.92 ± 0.20

0.66 ± 0.01

(7.2 ± 1.5) × 105

Palmitoyl-CoA

1.1 ± 0.30

0.51 ± 0.01

(4.9 ± 1.4) × 105

Oleoyl-CoA

1.7 ± 0.51

0.42 ± 0.02

(2.4 ± 0.70) × 105

Arachidonoyl-CoA

1.2 ± 0.67

0.27 ± 0.02

(2.4 ± 1.3) × 105

Acyl-CoA

a

Reaction conditions were 300 mM Tris pH 8.0, 150 μM DTNB, 60 mM tryptamine, and varied initial concentrations of the acyl-CoA.

b

Kinetic constants are reported with the standard error (n = 3).
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Characterization of the Bm-iAANAT-catalyzed reaction via LC-QTOF-MS analysis
Retention Time (min)

[M+H]+ (m/z)

N-Oleoyltryptamine Standard

6.489

425.2588

Bm-iAANAT Product

6.503

425.2574

Sample
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415.3322
254.2456
443.3638
282.2796
418.3315
326.3057
340.2846
441.3479
280.2643
463.3326

N-Palmitoylserotonin

Palmitoleamide

N-Stearoylserotonin

Oleamide

N-Oleoyldopamine

N-Oleoylethanolamine

N-Oleoylglycine

N-Oleoylserotonin

Linoleamide

N-Arachidonoylserotonin
463.3337

280.2616

441.3483

340.2847

3.26.3049

418.3306

282.2786

443.3505

254.2463

415.2882

256.2631

4th Instar (m/z)

Average ± standard deviation for 3 separate measurements.

a

256.2645

Standard (m/z)

Palmitamide

Fatty Acid Amide

Standard (Retention time)

6.071 min.

5.979 min.

6.262 min.

6.094 min.

6.077 min.

6.248 min.

6.289 min.

6.542 min.

5.857 min.

6.187 min.

6.214 min.
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Fatty Acid Amides Detected in 4th Instar Larvae of B. mori

6.069 min.

6.027 min.

6.322 min

5.945 min.

6.074 min

6.246 min

6.277 min.

6.576 min.

5.859 min.

6.125 min.

6.213 min.

4th Instar (Retention time)

14 ± 2.9

22 ± 14

3.5 ± 0.6

14 ± 1.5

20 ± 15

6.0 ± 0.3

33 ± 2.9

1.1 ± 0.4

22 ± 13

9.8 ± 0.6

28 ± 19

Amount Extracted (pmoles/g)a
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